Numerical Simulation and Experimental Analysis for a Linear Trigonal Double-Face Permanent Magnet Generator Used in Direct Driven Wave Energy Conversion  by Ba, Dang The et al.
 Procedia Chemistry  14 ( 2015 )  130 – 137 
1876-6196 © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientifi c Committee of HK-ICONS 2014 
doi: 10.1016/j.proche.2015.03.019 
ScienceDirect
2nd Humboldt Kolleg in conjunction with International Conference on Natural Sciences,             
HK-ICONS 2014 
Numerical Simulation and Experimental Analysis for A Linear 
Trigonal Double-Face Permanent Magnet Generator Used in            
Direct Driven Wave Energy Conversion 
 
Dang The Baa*, Nguyen Dong Anha*, Phung Van Ngocb  
aFaculty of Engineering Mechanics and Automation, University of Engineering and Technology, Vietnam National University  
144 Xuan-Thuy, Cau-Giay, Hanoi, 10000, Vietnam 
bHanoi University of Science Technology No 1 Dai-Co-Viet, Ha-Ba-Trung, Hanoi, 1000, Vietnam.    
 
Abstract 
A schema of slack-moored wave-energy converter using linear permanence magnet is developed. For suitable use in this 
device, a structure of coreless linear permanence magnet generator is designed. The advantage of this model is the absence of 
steel core in coils that mean no cogging force is induced. A numerical simulation for analyzing structure characters of generator 
has been developed. For verification the numerical simulation results, a laboratory scale of generator has been manufactured and 
investigated. The results from experiments are compared to the simulation and a good agreement is obtained. The study results 
have also been used for analyzing different designing options to buoy-type direct-driven wave energy conversion. 
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1. Introduction 
The available energy in oceans is estimated to be between 40 000 TWh and 80 000 TWh per year, mostly found 
in offshore locations. Ocean energy comes in a variety of forms such as marine currents, tidal currents, geothermal 
vents, and waves, among them wave energy is most interesting since it has the highest energy density1. The energy 
conversion from the ocean waves into electrical energy has been considered long time ago. The wave energy, its 
current status and perspectives have carefully been documented in2–4. 
Wave energy converters (WEC) convert the mechanical energy of waves into electrical energy. WECs 
traditionally use a system which converts the slow linear motion of the wave energy absorber to a high speed 
rotating motion of generators which require complex mechanical interfaces. Alternatively, in many applications it 
can be to use low speed generators or linear generators5–7. The idea with direct drive linear generators is to reduce 
the complexity of the mechanical interface and there by reduce the number of movable parts and to minimize the 
mechanical losses. The mechanical interface is in this way replaced with an electrical interface which can be 
expected to have a longer life time and less maintenance. 
A schematic of the WEC can be outlined as follows8–11. A type buoy-type converter consists of a buoy floating on 
the sea surface and a linear direct driven generator located at the seabed. The generator has a translator in the form 
of piston with permanent magnets of alternating polarity and a stator with coils. From the buoy a rope is connected 
to the upper end of piston and the lower piston end is connected to seabed by a spring. In wave crests the buoy and 
translator moves upwards and energies are stored as mechanical and potential ones. In a wave trough the stored 
energy accelerates the motion downwards, i.e. the mass and spring pulls the translator downwards. When the 
translator moves relatively to the stator an alternating magnetic field in the stator coils induces a voltage giving rise 
to currents in the conductors. The current in turn affects the translator with a electromagnetic force that will damp 
the translator motion. Controlling the power output from the generator makes it possible to affect the dynamics of 
the whole system12–14.  
The parameters that are connected to the ability to absorb energy are excitation force, radiation impedance and 
damping force. The first two parameters are dependent on the sea characteristics, buoy and translator geometry. By 
tuning the natural frequency of the mechanical system to coincide with the wave frequency, the translator vibration 
will be in resonance13,14. This is called phase control. The last parameter, the damping force is related to the 
generator characteristics and how energy is extracted from the generator, i.e. it depends on the electric load. A larger 
damping force will decrease the amplitude and the velocity of the mechanical vibration. By changing load and in 
turn the power outtake it will be possible to control the absorption. 
The use of linear generator has earlier been regarded as difficult and uneconomical. First, a linear generator has a 
varying speed and cannot be connected directly to the grid. Second, a linear generator has open magnetic circuits at 
both ends of the generator which influence the magnetic flux in the generator5,6,14. Third, a linear suffers from large 
cogging force. The cogging force causes oscillatory output power, which shortens lifetime and increases the 
maintenance costs of the generators. Although, to overcome difficulties many attempts have been spent15–17 but for 
real field application there are many problems. 
The paper presents the results of developing numerical simulation and experimental analysis of a linear trigonal 
double-face permanent magnet generator. This generator is suitable for using in slack-moored direct driven wave 
energy conversion. Based on the principle, a schema of generator and the connecting from generator to buoy have 
been developed (Fig. 1 and Fig. 2). The advantage of this model is the absence of steel core in coils that means no 
cogging fore is induced. Fig. 2a shows the cross section of the generator, it includes three permanence magnet bars 
with an alternative pole mounted to a trigonal fixed core. In the opposition with these magnet bars, there are three 
another bars mounted on the casing. The coil is winding on a frame to translate in space between two magnet bars 
like a piston (Fig. 2b). Magnetic field of a side is crossed to the coils and closed from outside by magnetic steel bars 
on each sector as in Fig 2b. For efficiency of the space inside generator, more sectors can be designed but in this 
study, for easier manufacturing, a trigonal shape (three-sector) is considered. The conductor in the coils can winding 
in two options, namely, winding thread separately on each sector or winding thread around all sectors on the piston.  
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The rest of the paper is organized as follows: Section 2 presents the numerical simulation results including 
magnetic field and output power analysis. Section 3 introduces the experiment and compares the numerical and 
experimental results. The important findings of this study are summarized in Section 4. 
 
2. Material and methods 
2.1. Magnetic field analysis 
The most important parameter in a generator is magnetic flux field across to movement plane of the conductor in 
the coil. For analysis this magnetic flux field in generator, stationed mode was used and it’s modeled by FEM 
(FlexPDE) tool18. FlexPDE is a "scripted finite element model builder and numerical solver", that mean from a 
script written by the user, FlexPDE performs the operations necessary to turn a description of partial differential 
equations system into a finite element model, solve the system, and present graphical and tabular output of the 
results. The schema for a coordinate system using in simulation is shown in Fig. 3. The system of Maxwell’s 
equations is used for simulating the magnetic field of system of permanent magnets. To find a good design, four 
configurations are investigated; these are C1, C2, C3 and C4 cases (Fig. 4). An example of character of magnetic 
field of magnets for four configurations as presented in Figs. 4 and Fig. 5.  Fig. 4 shows the z-component of vector 
magnetic potential, Az, for four cases.  
 
 
 a)         b)  
Fig.1 Geneator connect with buoy Fig 2: Schema of generator (a) cross-section and (b) coils and magnets in section A-A 
 
The first case C1 corresponds to the coil with steel core and one magnet face is exposed to coil. In the last three 
cases correspond to the coil with coreless. In the second case C2, the magnetic field is open to the coil. In contract 
with cases C1 and C2, the magnetic field in cases C3 and C4 is closed by the steel bars but for case C4, the double 
face of magnets is used to generate the magnetic field for the coreless coils. 
The variable of magnetic flux along center line can be seen in Fig. 5. From these results we can see that, except 
the case C1, the magnetic flux form the sine function (equation 2) of distance along magnet bar (Y axis). The pick of 
this function can be calculated from the averaging of its values along X axis (Fig. 6) and the maximal value is 
obtained for the case C4.  
Fig. 6 presents magnetic flux density, Bx, along the axis perpendicular and across to centre of the magnet face (X 
axis). The average value for pick of magnetic flux density are M 1= 0.2317, M 2 = 0.0756, M 3 = 0.0669, M 4 = 
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0.1200, respectively.  
 
 
 
 
 
C1 
 
C2 
 
C3 
 
C4 
Fig 3. Schema for simulation magnetic flux field Fig. 4. Magnetic potential - Az 
 
 
  
Fig. 5. Magnetic flux - Mx at the centre of coil’s space Fig.6. Magnetic flux density along X axis 
 
It is observed from the magnetic field analysis, except for the case C1 with steel core in coil, the flux density for 
the case C4 is about twice compared with cases C2 and C3. In compare with the case C1, the flux density in the case 
C4 is about a half. The significant advantage of the case C4, however, is that no steel core in coil was used, thus it 
means no cogging force is induced.     
 
2.2 Output power analysis 
 
For analyzing the effectiveness and ability of the generator, governing equations and expressions for calculation 
of output power have been obtained, that include:  
The displacement of piston is taken as follows 
 
( ) sin( )my t d tZ  (1) 
 
The distribution of the magnetic flux field (along Y axis) induced by permanent magnet bars, obtained by the 
analysis in section 2.1, is represented by 
 
2( ) sin( )x y y
SM M O  (2) 
 
The total magnetic flux seen by a conductor in coils, respect to time is obtained by integrating the product of 
movement’s velocity of piston and magnetic flux density 
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2 sin( )( ) (1 cos( ))
2
md tlt S ZMOS O)    (3)
  
 
The electromotive force induced by one coil can be described by Faraday’s law and resulted as  
 
2 sin( )( ) sin( )cos( )mm m
d te t Nl d tS ZMZ ZO    (4) 
 
The equation for the circuit with simple load in term of load voltage VL is obtained from KVL as follows 
 
( )
( ) ( )out i outL L
out
R R RdV tL V t e t
R dt L L
§ ·  ¨ ¸© ¹  (5) 
 
The output power on load is calculated by  
2 /L outP V R  (6) 
 
In the above formulas y is the coordinate in Y axis along the piston; Zm is the oscillation frequency and d is the 
amplitude of the piston’s movement, M  is the peak magnetic flux induced by permanent magnet; N is the number of 
conductors in one coil, l is the length of conductor, O is the magnetic wavelength, VL is the voltage on load, Ri is the 
resistance of generator, L is the inductance of coil in the generator, Rout is the resistance of load.  
A Malab code has been developed to solve Equation (5) with expressions (1) to  Eq. (4) and  Eq. (6) and to 
investigate the output power of generator in terms of structure parameters.  
For numerical simulation the basic design parameters of the generator are chosen as in Table. 1. 
 
Table 1. The basic design parameters for generator 
Parameter Value Parameter Value 
Piston displacement amplitude (m) 0.2 Space between coils (m) 0.001  
Piston displacement periode (s) 2 Magnet diameters (m) 0.05 × 0.025 × 0.01  
Number of turns in a coil 1280 Radius of piston  (m) 0.12  
Radius of conductor (m) 0.0003   Magnetic flux pick (T) 0.12 
Load resistance (Om) 34.0 Total length of piston (m) 0.064 
 
The simulation results for this design are shown in Fig. 7 and Fig. 8. In Fig. 7 we can see the voltage on load in 
function of time. Fig. 8 presents the output power induced by one coil. The comparison of output powers for four 
configurations is shown in Fig. 9. 
To find the optimized design, the model is also used to analyze the output power in function of design parameters 
such as pole width, distance between two magnets faces, peak of magnetic flux. The result obtained is presented in 
Fig.10 which presents the output power from one coil in function of coil length. 
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Fig.7. Load voltage vs. time Fig.8. Output Power vs.time 
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Fig.9. Average output power for four configurations Fig.10 Output power vs. coil length 
 
From the numerical simulation results (Fig.9), with the fixed configuration of generator, the output power is 
about three times larger for case C4 in compare with cases C2 and C3. In comparison with case C1, the output 
power of C4 is about a quarter. But for the case C4, the distance between two magnet bars – coil length can be 
adjusted to find the maximum output power (Fig. 10). For the optimized case with coil length (Fig. 10), the output 
power can attend about half in comparison with case C1 and it may increase more when we optimize with other 
structure’s parameters.   
 
3. Experimental analysis  
 
For experimental analysis, a prototype has been designed, manufactured and operated. The equipment includes: 
linear generator, sine displace maker and system for data acquisition DEWE-50-USB2-16. The linear generator with 
structure parameters are shown in Table 2. The overview of the experiment is presented in Fig. 11. The results from 
experiences are compared to the simulation ones in Fig. 12 where a good agreement is observed.  The study results 
have also been used for analyzing different design options in order to improve the quality of buoy-type direct-driven 
wave energy conversion at VNU. 
 
Table 2. Design parameters for experience 
Parameter Value Parameter Value 
Diameters, (m) 0.2 Number of aagnet  126  
Length Stator (m) 0.8 Number of coils of each phase 1 
Pole with (m) 0.032 Conductor diameter  (m) 0.008 
Magnet length (m) 0.05 Maximum displace of piston (m) 0.42 
Magnet thickness (m) 0.01   
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Fig. 11.  Experiment  set up Fig. 12. Load voltage from experience and simulation 
 
  
Fig. 13 Experiment in Hanoi West Lake Fig. 14. Setup for data acquisition system 
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Fig. 15. Voltage  on load Fig. 16. Tension force of the rope 
 
Fig. 13 and  Fig. 14 show some pictures of field experiments of the generator in Hanoi West Lake. Fig. 15 and 
Fig. 16 present typical voltage on load and tension force in the rope connecting between piston and buoy with very 
small wave high (about 10 cm).  The research is going on to get the best efficiency of the wave energy conversion. 
4. Conclusion 
A schema of slack-moored wave-energy converter using linear permanence magnet is developed. For suitable use 
in this device, a structure of coreless linear permanence magnet generator is designed. The advantage of this model 
is the absence of steel core in coils that mean no cogging force is induced. For analyzing the effectiveness and 
ability of the generator a numerical simulation is developed using governing equations and expressions for 
calculation of output power. For verification of the numerical simulation results, a laboratory scale of generator has 
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been manufactured and investigated. The results from experiments are compared to the simulation ones and a good 
agreement is obtained. The study results have also been used for analyzing different design options in order to 
improve the quality of buoy-type direct-driven wave energy conversion at VNU. 
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